Only the variable Mg:P molar ratio had a significant influence on P recovery. 99% of P was recovered with MgO Phosphorus recycling and recovery has received special attention due to its non-replaceable and nonrenewability. Phosphorus recovery from human urine in the form of struvite crystals is a potential alternative source. In this work, the efficiency of struvite precipitation from source separated human urine and struvite crystals size were analyzed using three different Mg 2+ sources (MgCl 2 , Mg(OH) 2 and MgO), individually evaluated using a statistical design of experiments to assess the combined effect of Mg
Introduction
Phosphorus (P) is an essential nutrient for all types of life. Phosphate rock is the major source of P predominantly originating from China, United States, Morocco and Russia [1] . An annual increase in phosphorus consumption has been observed and its overall future demand is anticipated to rise due to the increase in population growth and per capita phosphorus demand. Depending of the different assumptions, a vast range of global phosphate depletion estimates indicating different peak years have been reported [2] . In general, the different scenarios described depend of the assumptions about demand, supply, and the depletion model employed. Cordell et al. [3] estimated phosphorus to peak by 2035 based on 2009 USGS reserve data, however the International Fertilizer Development Center (IFDC) re-estimated global phosphate rock reserves and the peak shifts to 2051-2092 [2] . the same crystal [4] . Research focused on P recovery through struvite precipitation has received attention in the last years and, specifically, P recovery from urine has been reported using several processes such as hybrid anion exchange resins [5] , single chamber microbial fuel cells [6] or electrolytic magnesium dosage [7] .
Human urine contributes with only 1% to the volume of municipal wastewater, however contributes to about up to 50% of the P load [8] . On average, urine contains 1 g L À1 of P, 9 g L À1 of N and 10 g L À1 of chemical oxygen demand (COD) [9] . Due to these high concentrations, human urine can be a valuable resource for N, P and energy recovery [10] . P recovery from urine has received a lot of attention with regard to struvite production in simply operated reactors that only requires an Mg source. Struvite precipitation from sourceseparated urine have been reported mainly in developing and emerging countries, where P levels in soils is frequently below optimal and consequently more fertilizers are required due to the rapidly increase of food production [2, 11] . Reactors manufactured to produce struvite from urine in decentralized treatment systems have been used for P recover on a small scale in developing countries [12] [13] [14] . In developed countries P recovery from urine have been also reported in decentralized settings after which the treated liquid would be discharged via existing sewers [15] . Several technologies have been proposed for P recovery from urine [7, [16] [17] [18] .
P recovery by precipitation from separated human urine is possible if NoMix toilets and waterless urinals are used. NoMix technology is well accepted; around 80% of users liked the idea, 75-85% were satisfied with design, hygiene, smell, and seating comfort of NoMix toilets, 85% regarded urine-fertilizers as good idea and 70% would purchase such food [19] .
P recovery from urine occurs in two successive steps namely spontaneous and non-spontaneous precipitation [18] . During storage of urine, urea is completely hydrolyzed into carbon dioxide and ammonia (Eq. (1)) [20] . Ammonium (NH 4 + ) in equilibrium reacts with the phosphate (PO 4
3À
), and Mg 2+ ions present in the urine, and struvite crystallization occurs spontaneously (Eq. (2)) [21] .
This precipitation is limited by the availability of Mg 2+ and the addition of a Mg 2+ source, results in an effective P recovery [17] in a process called non-spontaneous struvite precipitation. The most common precipitants are magnesium oxide (MgO) [16] , magnesium chloride (MgCl 2 ) [22] and magnesium hydroxide (Mg(OH) 2 ) [23] . Due to its basic character MgO and Mg(OH) 2 , can serve a dual purpose of Mg addition and pH increase. On the other hand, MgCl 2 has been reported as a more effective for P recovery reducing the reaction time due to its greater solubility [24] . Several physico-chemical parameters influence the P recovery efficiency, such as, pH [4] , stirring speed [25] , temperature [26] , Mg:P molar ratio [27] , presence of seeding materials [28] and presence of foreign ions [20] .
In this work, a statistical design of experiments is applied to optimize the struvite precipitation from source separated human urine. The combined effect of the stirring speed, the stirring time, the sedimentation time and the Mg:P ratio is evaluated on the P removal efficiency and struvite crystal properties. The power of the design of experiments that decreases the number of experiments intercorrelated, maintaining the security of the results, is herein demonstrated on the assessment of fundamental parameters affecting the complex struvite precipitation process from human urine.
Materials and methods

Design of experiments and statistical analysis
In order to understand which factors affect P removal and to optimize P recovery efficiency (P removal ), several preliminary batch assays were performed. Three different stirring times (10, 35 The performance of all the models suggested was assessed based in different parameters. The correlation coefficient (R 2 ) measures the fraction of the total variability in the response. R 2 value closer to unity indicated that the standard deviation was reduced and the predicted results were in good agreement with experimental data. Coefficient of variation (CV) is a measure of the amount of variation as a percentage of the total mean. A CV less than 10% represents means that the model is reproducible [29] . Adequate precision (AP) is a measure of the difference in predicted response relative to its associated error (a signal to noise ratio). AP can be certified with a signal greater than 4 [29] .
Phosphorus removal by struvite precipitation
Urine from different individuals, males and females with a broad age range between 20 and 50 years old, was collected at different times in different days, mixed and analyzed. The P and COD concentrations were determined using Hach-Lange cuvette tests (LCK 350 and LCK 338, respectively) and total Kjeldahl nitrogen (TKN) and ammonium (N-NH 4 + ) by using the Kjeldahl method according to Standard Methods [30] . Electrical conductivity and pH were measured with portable conductivity meter (Multi 340i, WTW, Germany) and a portable pH meter (HI 83141, Hanna, Italy), respectively.
To determine the time course of spontaneous precipitation of struvite from real undiluted human urine, a first experiment was performed. Fresh collected urine was stored at room temperature in a plastic container during several days. Samples were taken daily to monitor changes in pH and to measure TKN, N-NH 4 + , COD and P concentrations. The collected samples were preserved with 5% H 2 SO 4 (1 M) and stored at 4°C until analysis. Following the spontaneous struvite precipitation, the supernatant was decanted and several Mg 2+ sources were then added to induce additional struvite precipitation. The use of different Mg 2+ sources was investigated in 600 mL beakers (work volume of 300 mL) in a jar-test apparatus (AMF/60, Vittadini, Italy) at room temperature, adding MgO, Mg(OH) 2 and MgCl 2 at different Mg:P molar ratios. Mg 2+ dose added was calculated based on initial P concentration and the initial pH of the urine was kept at the designed level (8.5) [31] . After Mg 2+ addition, the solution was stirred for 10 min and was rested to sediment for 30 min. P removal efficiency was calculated after determination of initial and final P concentration.
Precipitate analysis -crystal size, XRD and SEM-EDS
The different conditions applied on struvite precipitation influenced the size of the crystals obtained. Therefore, the same CCF experimental design mentioned in Section 2.1 was used to assess the effect of Mg:P ratio and stirring speed on particle size. Thereby, 1 mL of struvite precipitated after non-spontaneous precipitation from each experiment were collected for a Petri dish to microscopic analysis and particle size assessment. Samples were stored at 4°C until observation. Precipitated crystals were observed in a Nikon inverted microscope Diaphot 300, at 100Â total magnification, coupled with a Sony CCD video camera and the software IMAGE-PRO. Images were acquired in the upper, middle and bottom of the sample with controlled distances, in order to ensure the representativeness of the sample. The longitudinal size of the precipitated crystals was measured by Image J, image edition program. Around 20 images were obtained per sample and an average of 876 crystals were analyzed per assay.
Samples from the precipitates were also collected and dried at 45°C in order to characterize the crystals by X-ray diffraction (XRD) and scanning electron microscopy (SEM) with an energy dispersive spectrometer (EDS). XRD allows matching the intensity and position of the peaks in the diffractogram of each sample and a standard model diffractogram for struvite crystals. The XRD measurements were performed on a Phillips X-ray model PW 1710 BASED powder diffractometer equipped with CuKa monochromatic radiation. SEM-EDS allows to identify the crystals precipitated by comparing the chemical composition obtained in an energy dispersive spectrograph with a standard spectra of pure struvite. Surface morphological and compositional analyses were carried out using a SEM FEI Nova 200 with integrated EDS analysis (EDAX, Pegasus X4M).
Results and discussion
Phosphorus removal by struvite precipitation
Fresh urine was stored and P concentration and pH were followed over time, in order to obtain the time course of struvite spontaneous precipitation. The pH increased from 5.9 to 8.6 as a result of urea hydrolysis, leading to a PO 4 3À concentration decrease as a result of the reaction with NH 4 + and Mg 2+ ions (Table 2) . Liu et al. [31] reported that during urea hydrolysis, the pH increased and stabilized at around 9.0. As a consequence of pH increase, it was observed that after 6 days of urine storage, around 31% of P was recovered through spontaneous struvite precipitation. Similar results were reported by Etter et al. [13] with about 30% of the P removed due to spontaneous precipitation as calcium phosphate and struvite in undiluted urine. Liu and co-workers [32] demonstrated that after 5 days of urine storage almost 38% of P was recovered, after which only a minimum variation was observed.
Since struvite precipitation is limited by availability of magnesium, addition of Mg 2+ source will induce additional precipitation. In fact Mg 2+ was depleted by 90% in the spontaneous precipitation process. Preliminary batch assays were performed in order to understand which factors affect P removal in non-spontaneous precipitation (Fig. S1, Supplementary Material) . From these preliminary assays, it could be concluded that the Mg:P ratio and the stirring speed were the most relevant parameters. Thus, a process analysis CCF was performed with the purpose of correlate these two variables: (A) stirring speed (30, 45 and 60 rpm) and (B) Mg:P molar ratios (1:1; 1.5:1 and 2:1) in order to optimize the P recovery efficiency. The effect of each variable was described by modulation according to a two-factor, three-level central composite design with response surface methodology (RSM). Based on preliminary experiments, the reaction and the sedimentation times, of 10 and 30 min, were respectively established. In each run, Mg 2+ dose added was calculated based on the initial phosphorus concentration. The initial pH was kept at the designed level (8.5) [31] by H 2 SO 4 (1 M) addition. Fig. 1 shows the effect of the stirring speed and Mg:P molar ratio on P recovery efficiency using three different Mg 2+ sources.
In order to access the significance of each variable in the selected model, an analysis of variance (ANOVA) was applied. The value of statistical significance was set at p < 0.05, which means that the model terms are significant for values of p lower than 0.05. The highest P recovery efficiencies, ranging from 90% to 99%, depending on the operating conditions applied, were obtained using MgO as Mg 2+ source. After the addition of MgO in the beakers, the pH increased from 8.5 to 8.7-9 in the first 3 min and remained at 8.9-9.2 during stirring time (10 min). The role of each variable can be described by the Eq. (3) (F-value = 7.12) where P is the phosphorus recovery efficiency. Only the variable A, Mg:P ratio, had a significant influence on P recovery efficiency (Table 3) . A maximum P recovery of 99% was obtained in the experiment with Mg:P ratio = 2:1 for the three stirring speeds studied, which was also predicted by the model (100% P recovery for Mg:P ratio = 2:1), evidencing a clear match between model prediction and the experimental response (Fig. 1A) . Capdevielle et al. [33] demonstrated that the optimal conditions for the removal of P from synthetic swine wastewater were Mg:P molar ratio of 2.25:1, moderate stirring rate (between 45 and 90 rpm) and low temperature (below 20°C). 
With MgCl 2 as Mg 2+ source, P recovery efficiency ranged from 82% to 89%, depending of the conditions applied. The pH value decreased from 8.5 to 7-to-8 in the first 3 min after the addition of MgCl 2 . The pH remained at 7-7.5 during the reaction time (10 min). The model was described by the Eq. (4) (F-value = 4.05). ANOVA analysis showed that A 2 was the only significant variable for the model (Table 3 ). According to the quadratic model, the maximum P recovery that can be achieved for experimental parameters applied was 89% at Mg:P ratio of 2:1 and a 60 rpm (Fig. 1B) . The experimental value obtained (89%) was consistent with the predicted response and validates the model. Despite the stoichiometric Mg:P ratio of 1:1, studies reported a low P removal for Mg:P ratio around this value. Munch and Barr [34] reported a P recovery of 94% using a Mg:P ratio of 1:1.3 whereas Adnan and coworkers [35] reported a P recovery of 62% for a Mg:P ratio of 1.2:1. Song et al. [27] showed that increasing Mg:P molar ratio up to 2.2:1 promotes the removal efficiency at different pH studied, furthermore at a low pH value of 8.0 the P removal efficiency increased significantly. Wilsenach and co-workers [16] demonstrated that with addition of MgCl 2 , the P removal was linear with increasing Mg:P ratio and with initial pH of 8.2, a P removal efficiency of 75% was achieved with an overdose of Mg 2+ (Mg:P ratio = 2:1).
P recovery ð%Þ ¼ 79:
Using Mg(OH) 2 , the experimental values of P recovery efficiency ranged from 79% to 93%. After Mg(OH) 2 addition, the pH at 8.5-8.7 during 3 min and stabilized at these values during all the reaction (10 min). The effect of each variable on P recovery was described by a quadratic model as shown in the Eq. (5) (F-value = 5.52). The variables that demonstrated a significant effect on P recovery efficiency were B and B 2 ( Table 3 ).The optimized solution suggested by the software, consisted of Mg:P ratio of 1.5:1 and a stirring speed of 60 rpm which correspond to 89% of P recovery (Fig. 1C) . The maximum experimental P recovery of 93% was achieved at the same conditions (Mg:P ratio of 1.5:1 and 60 rpm). Quadratic model showed clearly that mixing intensity had a significant effect on P removal by struvite precipitation for the range of speeds tested. A stirring speed increase leads to CO 2 liberation increasing the pH and therefore an increase in P recovery through struvite precipitation was achieved [36] . 
3.2. Precipitate analysis 3.2.1. Crystal size measurement -Image J Precipitation of struvite occurs in two stages: nucleation and crystal growth. These stages influence directly the particle size of crystals [37, 27] . Nucleation is strongly dependent on the super saturation and crystals growth rate depends on the stirring speed because it is a mass transport limited process [32] . The effect of Mg:P ratio and stirring speed on crystal size (Fig. 2) was assessed for the same set of 19 experiments, determined by CCF experimental design (Table 1) .
Using MgO as Mg 2+ source, the variable that had a significant effect on crystal size was B 2 (Table 4) . At 30 rpm, the particle size distribution showed a slightly bimodal behavior with the presence of fine particles around 50 lm and larger crystals around 100 lm size. Crystals around the 50 lm were more frequent in the experiments with 45 and 60 rpm (Fig. 2Aa) . Using MgCl 2 , the variables B and B 2 were the leading process parameters on crystal size (Table 4 ). The most common crystal size ranged from 20 lm at 30 rpm to 40 lm at 60 rpm, whereas the biggest crystals with around 70 lm were obtained at 45 rpm (Fig. 2Bb ). Ariyanto and co-workers [38] studied the mechanisms of crystal formation using a di-hydrogen ammonium phosphate solution. These authors clearly showed that the crystal size was Table 3 ANOVA analysis for the effect of Mg:P ratio and stirring speed on P recovery. (Fig. 2Cc) . The effect of each variable on crystal size was described for MgO (F-value = 4.39), MgCl 2 (F-value = 3.99) and Mg(OH) 2 (F-value = 5.16) by following quadratic model equations:
Crystal size ðlmÞ ¼ 0:
Crystal size ðlmÞ ¼ À0:28 þ 0:09A þ 0:01B À 6:26E À 4AB
Characterization and identification of crystals -XRD and SEM-EDS
Microscopic image analysis showed that the crystals shape was non-uniform depending of the Mg 2+ source (Fig. 3) . Usual crystal morphologies include coffin-like [37] , needle-like [16] , x-shape [39] and rod shape [20] . Using MgO, the obtained precipitate exhibited an irregular shape, and some crystals with a typical xshape. Using MgCl 2 and Mg(OH) 2, the morphology of the precipitated crystals were similar showing the typical prismatic pattern of the struvite crystals. Korchef et al. [40] and Münch and Barr [34] reported similar crystals shape using MgCl 2 and Mg(OH) 2 as Mg 2+ sources.
Samples of the collected precipitate obtained after P removal with Mg:P of 1.5:1 and 45 rpm for each Mg 2+ source were selected for crystals characterization. The content of struvite in the precipitates was confirmed by SEM, SEM-EDS and XRD techniques. SEM-EDS analyses of the crystals are shown in Fig. 3 . Chemical element composition showed the presence of Mg, P, N and O on the crystals Table 4 ANOVA analysis for the effect of Mg:P ratio and stirring speed on crystal size. precipitated with three different Mg 2+ sources, indicating that struvite was obtained with this process. The XRD patterns supports that the precipitates formed were a mixture of struvite with amorphous products. The prominent peaks of the precipitate matched very well with the standard model for struvite but a broad hump on the baseline was observed. According to the SEM images, when MgO or MgCl 2 were added, crystals of struvite were covered by other small amorphous precipitates ( Fig. 3A and B) , whereas, with Mg(OH) 2, two different types of precipitates could be observed (Fig. 3C ).
Economic overview
P recovery by struvite precipitation is a promising and feasible process not only in terms of environmental benefits [41] but also from an economic point of view [42] . P recovery from urine has the potential to greatly reduce P loadings in wastewater treatment plants. Mihelcic et al. [11] reported that P available from urine could account for 22% of the total global phosphorus demand. The economic viability of struvite precipitation includes not only the costs of the urine separation implementation and the effects on wastewater treatment process but also the costs of precipitation process and the economic value added of struvite.
On the other hand, several studies reported that the efficiency of municipal wastewater treatment plants has been affected by precipitates, namely struvite, formed in the stench traps and pipes due to the high phosphate concentration in wastewater [21, 22, 37] . This may lead to an increase of operating and maintenance costs for cleaning unwanted struvite formed in pipes. Whilst struvite is unwanted in municipal wastewater treatment facilities if precipitation is controlled and cost-effective, struvite might have potential as fertilizer [43] .
The costs related to the struvite production have been reported by several studies as highly dependent of the P concentration. According to Dockhorn [44] the fixed costs (e.g. investment, labor and energy) decrease with P concentration, whereas the variable cost mainly related to the Mg 2+ source added, increase with P concentration. In our case, considering the initial P concentration, it is possible to observe that the cost of the Mg 2+ sources contribute up to 70% of overall production costs. Waste products containing Mg such as bittern [45] and wood ash [46] are less expensive Mg sources and can be an interesting alternative to produce Mg salts, thus saving costs. However, due to the heterogeneous, composition, a reliable product is not always guaranteed and the marketability of the struvite may not be possible. For example, Sakthivel et al. [46] reported that wood ash is not a very suitable precipitant for struvite production because the precipitate has a low phosphorus content and can contain high concentrations of heavy metals. Therefore, due to the high influence of chemical's price in P recovery economic feasibility, cost savings may be achieved through the choice of an appropriate Mg source as a struvite precipitant. The calculated input costs for producing struvite based on the market prices of different Mg sources is presented in Table 5 . A comparative analysis shows that the cost of using MgO or MgCl 2 is similar. However, MgO presents some advantages due to the high Mg content that contributes for a less quantity of chemical added simplifying the logistic and reducing the transportation costs. Moreover, basic character in pH adjustment of MgO allows to achieve the optimal pH value (8.5) for struvite precipitation without any alkali addition.
Conclusions
A central composite face-centred design (CCF), using a response surface methodology allowed to optimize struvite precipitation from undiluted human urine. Statistical analysis revealed that the maximum P recovery was achieved using MgO as Mg 2+ source at 2:1 molar ratio and a stirring speed of 30 rpm. 99% recovery of P and simultaneously formation of struvite crystals of 50-100 lm size were obtained. XRD and SEM EDS analysis revealed that the precipitate formed was a mixture of struvite with amorphous products. 
